INTRODUCTION
In his book Genetic Models of Sexual Selection, O'Donald (1980) provides a thorough discussion of the development of the theory of sexual selection. By sexual selection is understood the differential ability of genotypes of either sex to attract mates and there has been an ample controversy on the mechanisms by which this important selective component operates. With his usual flair Darwin (1871) put forward a theory which has been proved to be essentially correct and is at the present time an active research area.
In the earlier experiments on mating success carried out by Petit with Drosophila melanogaster and Ehrman with D. pseudoobcura (see Petit and Ehrman, 1969) , an interesting phenomenon was brought to light: the existence of frequency-dependent selection favouring the minority males. This phenomenon, repeatedly reported in later experiments (the literature has been summarised by Petit and Ehrman, 1969; Ehrman and Parsons, 1976; Bryant et a!., 1980; Spiess, 1982) , has potentially important evolutionary implications. However, the mechanisms underlying the rare male mating advantage are not clear and several models have been developed (O'Donald, 1977 (O'Donald, , 1980 Spiess, 1982) . Whatever the correct model, the important * To whom reprint requests should be sent. point is that the existence of a fre4uency-dependent selection favouring the rare male genotype can play a significant role in maintaining genetic variability (Anderson, 1969) .
Investigations on polymorphisms in experimental populations have revealed a variety of selective forces which, as Prout (1969 Prout ( , 1971a has demonstrated, can be ideally measured by means of a detailed description of the different selection components and of the mating pattern. The concept of partitioning the action of natural selection into several fitness components has been an important one in stimulating well-designed experiments demonstrating the significance and relative importance of the various components of natural selection. Contrary to the traditional belief about the action of natural selection was the evidence that the adult male component, instead of viabilities of zygotes, played a decisive role in the genetic make-up of different Drosophila populations (Prout, 1971a, b; Bundgaard and Christiansen, 1972; Anderson et a!., 1979; Brittnacher, 1981) . In addition, there is also extensive evidence that sexual selection is an important component in the dynamics of polymorphisms (Anderson and Watanabe, 1974; Anderson and McGuire, 1978; Fontdevila and Méndez, 1979; Anderson and Brown, 1984) . One point that deserves attention is that a clear distinction between mating success and pattern of mating was not always made in the experiments on mating behaviour. Mating success concerns frequency of mating whereas pattern of mating (random, consanguineous, assortative, etc) is choice of mate which is not directly related to sexual selection. Besides selection, mating pattern is an important determinant of the genotypic composition of the population and a clear distinction between both phenomena is necessary in order to avoid confusion in the description of the operation of selection .
Chromosomal inversion polymorphisms are common in natural populations of many Drosophila species and have been extensively utilised as a powerful tool for the analysis and measurement of selection in both experimental and natural populations. Large differences in adaptive values have been usually found and selection may operate on several phases of the life-cycle (Dobzhansky, 1970) . Some of the selective forces acting on inversion polymorphisms have been identified and the observation that inversions affect various aspects of mating in Drosophila has been usual (Monclüs and Prevosti, 1971; Anderson and Watanabe, 1974; Yu and Spiess, 1978; Anderson and Brown, 1984) .Although the preservation of chromosomal variability in natural populations is undoubtedly due to balanced polymorphism, there is, however, some questioli about the type of selection responsible for the maintenance of this widespread variability. Three basic selective mechanisms may be important in explaining stable polymorphism: environmental heterogeneity, frequency-dependent selection favoring the rare genotype and heterosis. However, with regard to chromosomal variability it should be interesting to discover the level of genetic organisation of the gene arrangements since selection can operate on inversions at several different levels (Wasserman, 1968 (Wasserman, , 1972 . If epistatic interactions among genes within the inversion are important, recombination between different supergenes of the same inversion would destroy the good supergenes and would generate frequency-dependent selection against the more common inversion homozygote. With regard to D. subobscura, species known to be very rich in chromosomal polymorphism (Krimbas and Loukas, 1980) , it now seems clear that the gene arrangements found in natural populations are not subject to constant fitnesses and show seasonal changes which cannot be explained by genetic drift (Fontdevila et al., 1983) . Several results from our laboratory (Zapata et a!., 1986) demonstrate the existence of stable polymorphism for the °ST and 03±4÷7 chromosomal arrangements in experimental populations maintained in different environmental conditions. Our aim in the present work is to analyse the role of sexual selection in the maintenance of this chromosomal polymorphism. This will be done by assaying the mating structure of large experimental populations of D. subobscura set up with different frequencies of °ST and 03÷4÷7 gene arrangements.
MATERIALS AND METHODS

Laboratory strains
The following two stocks of D. subobscura, kindly sent to us by D. Sperlich, were used to obtain the flies for the sexual selection experiments: (a) a stock homozygous for the recessive mutants curled (cu, curled wings) and cherry (ch, bright red eye colour), both on the 0 chromosome (Koske and Maynard Smith, 1954) . The cu-ch strain is homokaryotypic for the 03+4 chromosome arrangement.
(b) The balanced lethal Va/Ba strain for the chromosome 0 (Sperlich et al., 1977) . This stock carries the dominant visible marker genes Delta When the arrangement of each wild 0 chromosome was established (no more than two backcrosses with the cu-ch strain were performed), the isogenisation of these chromosomes was initiated.
Only chromosomes bearing the °ST or 03+4+7 arrangements were used. The + +/cu ch males carrying a wild 0 chromosome with either °ST or 03+4+7 arrangements were crossed to Va/Ba females and, according to the cross procedure shown in fig. 1 , homozygous wild 0 chromosomes were obtained. In fig. 1 , the sex of the two genotypes of the third cross was dependent on the chromosome arrangement carried by the wild 0 chromosome. The chromosome marked with Va carries the inversion complex °3+4+vIII+210 and so recombination can occur in the female 03+4+vIII+21o/ 03+4+7 at the end of the chromosome in the region 03+4 (Sperlich et a!., 1977) . Consequently, the isogenisation of 03+4+7 wild chromosomes was performed by using as the female parental the flies which were heterozygous for the 03+4+7 and the chromosome with the dominant marker Ba (which is OST), given that recombination is inhibited in the °sT/°3+4+7 karyotype The isogenic strains°S T/0ST and 03+4+7/ 03+4+7 were assayed for the enzyme peptidase-1 (PEPT-1) by means of horizontal starch gel electrophoresis (Fontdevila et a!., 1983) . The Pept-1 locus is on the 0 chromosome within the 03+4 arrangement (Loukas et a!., 1979) . We use the allozymes of the Pept-1 locus as genetic markers for the chromosomal arrangements given that, as stated above, recombination in the heterokaryotype OsT/ 03+4+7 is not possible. The Pept-11°° and Pept-1°4° alleles were used to mark the °ST and 0347 chromosomal arrangements, respectively. This allows us to manipulate a high number of individuals with a reasonable effort. A total of 20 isogenic strains OST-Pept-11°° and 20 isogenic strains 03÷4÷7-Pept-1°4° were obtained.
These isogenic strains were defined as having a with the 20 03+47-Pept°40. These populations, named stock populations, were maintained at 17°C, 70 per cent relative humidity, until the start of the experiment 5 months later (under the present conditions, the generation time is approximately one month). Therefore, the wild 0 chromosomes were freely allowed to recombine.
The experiments on mating behaviour of karyotypes for the chromosomal arrangements °ST and 03+4+7 were conducted in large experimental populations (mating population cages of 30 x 20 x 10 cm). The determination of the frequencies of matings between specific karyotypes is possible by diagnosing the karyotype of a single female and her offspring to infer which male mated with her. The determination of a female's mating partner is based on the assumption that the female is inseminated only once. Although D. subobscura females were believed to be completely monogamous (Maynard Smith, 1956 ), Loukas et al., (1981) For the experiment on sexual selection three different karyotype frequencies (30 per cent °ST 50 per cent °ST and 70 per cent OST) were used. A total of six mating cages, two for each karyotypic frequency, were set up. The adult flies were introduced in Hardy-Weinberg proportions and the composition of the mating populations is shown in table 1. The flies used in the experiment were obtained by collecting eggs for successive days on vials with fresh medium, placed at two different sites in the stock populations. Immediately after the collection, the eggs were transferred in numbers of 100-120 to 250cc bottles containing 50 cc of fresh culture medium, allowing them to hatch and develop. In order to obtain the heterokaryotypic flies °ST/°3+4+7, equal number of males and females from each stock population, obtained by randomly sampling the adults hatched from previously collected eggs, were crossed and the females allowed to lay eggs which were transferred to 250 cc bottles as above. Equal number of matings ?OST/OSTX d'd'03±4+7/03±4+7 and 9O3÷4±7/O3+4±7 X 5°s--/°s--were carried out.
Males and females for the experiments were stored under near-optimal conditions before being added, unetherised, to the mating cages. These populations are named: 30-I, 50-I, 70-I (the numbers refer to the frequency of OST) the first three populations set up on February 18, 1983; and 30-Il, 50-11, 70-Il the three set up 2 months later (table 1). Each population cage was begun by placing 400 virgin females 5 to 7 days old. An equal number of same age males were then added (care was taken to avoid the potential bias due to differential male activity as a function of the position of the male in the storage vial (Markow 1980) ) and the flies were allowed to mate for a period of 24 hours. The flies were then separated and the females were of food). These females were allowed to lay eggs for 8-10 days and then analysed for their Pept-1 locus. In order to know the female's mating partner, a total of 8 offspring of each homokaryotypic female were assayed for Pept-1. In case of a heterokaryotypic female the determination requires at least 18 offspring.
All the experiments were carried out at 17°C, 70 per cent relative humidity, with continuous lighting.
RESULTS
The frequencies of each type of mating observed in the six population cages are given in table 3 (the data are shown in the form indicated in table 2). The average number (± standard error) of recorded matings per cage is 321 (±3), which means that about the 80 per cent of the females introduced into the cages produced offspring from matings. Comparisons of the data from each pair of replicates at a particular frequency showed no significant heterogeneity. The analysis of data was made in terms of the three main components of mating behaviour: differential male mating success, differential female mating success and pattern of mating (Anderson and McGuire, 1978; Alvarez and Fontdevila, 1981; Majerus et a!., 1982) . The log likelihood ratio test, or G statistic (Sokal and Rohif, 1981) was used, which allow a straightforward statistical test for the detailed analysis of mating behaviour. The results of the G-test are given in table 4. The G-test for males measures the deviation of the mating frequencies of male karyotypes from the karyotypic frequencies in the population cages. In this way, we test for differential male mating success. Similarly, the G statistic for females tests the significance of female sexual selection. The third component (departure from random mating) tests for deviations from random mating in the 3 x 3 table of contingency. The value of the G-test for the total measures the deviations of the observed matings from the expectations based on the frequencies of the karyotypes, mated at random, in the experiments and is obviously affected by each of the three components of the mating behaviour.
In table 4 total G statistic shows significant deviations of the observed matings from the expectations in populations 30-Il, 70-11 and 70-pooled. The analysis shows that this is mainly due to the differential male mating success, although some female sexual selection seems to occur in the populations where the frequency of °ST is 70 per cent. It is worth saying that the value of 597 for the "deviation in males" component in the 30-pooled "population" is practically significant at the 5 per cent level (the critical value for 2 degrees of freedom is 599). Therefore, we can safely conclude that there is some indication of male sexual selection in the populations with a 30 per cent frequency of °ST, in addition to the clearly detected one at the frequency of 70 per cent 051. In all cases but one (population 30-IT), the analysis shows that there are no significant deviations from random mating. This is not an unusual result and several authors have reported cases where sexual selection is operating on a genetic system and random mating is not disturbed (Anderson and McGuire, 1978; O'Donald, 1980; Alvarez and Fontdevila, 1981) .
The G statistic tests for the existence of significant differences among karyotypes in mating success, but does not quantify these differences. The estimation of the relative adaptive values for sexual selection will allow us a proper knowledge of the pattern of selection operating on the different karyotypes. One point worth noting is that several indices currently used in the literature obscure more than clarify the significant aspects of the mating behaviour (Merrel, 1984) , and others measure the same thing but are called differently: Petit's (1958) k coefficient and the male competitive index, CI (Latter and Robertson, 1962) , used by Sharp (1982 Sharp ( , 1984 . Evidently, the more obvious form of measuring sexual selection is to express mating success in terms of fitness values. In this way, sexual selection is measured by means of indices with a true biological meaning. The differential mating success of male and female karyotypes can be properly estimated by measuring the effect of selection on the change in frequency of each of the two homokaryotypes (OST/ °ST and 03±4÷7/03±4÷7), relative to the change in the heterokaryotype frequency, between the input and output karyotype distributions in the experimental populations (cross-product ratio estimators (Cook, 1971) Anxolabehere et a!. (1982), and more recently Connolly and Gliddon (1984) , have shown that this kind of estimators is biased, especially for low gene frequencies. However, in our case the karyotypic frequencies used are not extremes, and the number of matings recorded are high enough for the bias to be negligible. Connolly and Gliddon (1984) have stressed that of more concern than bias is the large variability of the fitness estimators, particularly with low gene frequencies and small sample sizes. In the experiments we have carried out the numbers of each karyotype on which selection can act are high enough to overcome the difficulties pointed out by Connolly and Gliddon (1984) . In addition, our main interest for using the sexual fitness estimators is not to test the statistical significance of differential male or female mating success (which has been done by means of G statistic), but to look at the pattern of sexual selection for the various karyotypic frequencies tested.
The estimates of mating success for both the male and female homokaryotypes, relative to that of the heterokaryotype which is taken as equal to 1, are presented in table 5. In all cases but one the sexual fitness estimates for the OsT/ °ST female homokaryotype is lower than the corresponding ones for 0ST/ 03+4+7 and 03÷4÷7/ 03÷4÷7 karyotypes. It is also remarkable that no heterosis is observed for either male or female sexual selection at any of the frequencies tested. In all the populations the karyotype with a mating advantage is always one of the homokaryotypes.
DISCUSSION
Two main features arise from the results reported in this work: the pattern of mating of the three karyotypes of D. subobscura is at random and there is a frequency-dependent mating success in favour of minority males. Although the phenomenon of rare male mating advantage is not new, it had never been reported for D. subobscura karyotypes. It is also interesting to note that heterosis for male mating success is absent and the higher mating capacity is always presented by one of the homokaryotypes. Bryant et a!., (1980) have called into question the widespread acceptance of the minority mating advantage phenomenon by claiming that there are a number of possible factors that could induce rare male advantages as an experimental bias. In their paper, Bryant et a!. (1980) showed that harming the flies by means of wing clipping induces minority male mating success. Given that wing clipping has been a widely used technique, the claims made by Bryant et a!. (1980) are justified. In the present Our experiments on mating behaviour were carried out to test for fitness differences among karotypes of D. subobscura and we did not design them to provide information about the underlying mechanisms by which rare male mating advantage can occur. However, it seems to us that some potentially important causes for the existence of differential mating success of karyotypes, which are not usually discussed in the literature on mating behaviour, deserve attention. Almost all explanations of the phenomenon of frequency-dependent mating success detected for Drosophila karyotypes competing in experimental populations take into account a purely behavioural basis. However, some possibility exist that fitness differences among competing karyotypes could be due to the unfavourable effects of recombination among loci linked within an inversion system if the chromosomes carried by those competing karyotypes differ in the average amount of recombination. This is due to the well established phenomenon that crossing over between well adapted homologous chromosomes yields chromosomes which on average reduce the fitness of their carriers. The important effects of this phenomenon were discussed by Wasserman (1968) and he showed that the recombinational load of chromosomal arrangements is frequencydependent. Charlesworth and Charlesworth (1975) have detected a substantial effect of recombination on female fecundity but a small and non-significant effect on egg-to-adult viability. These results indicate that the recombinational load can operate on the late components of overall fitness, which are characteristic of adult stages. In our experimental design, we have seriously taken into account the potentially important recombinational effect and we have tried to avoid differences in the average amount of recombination among the chromosomes carried by the experimental flies. As stated in
Material and Methods, all the 0 chromosomes of D. subobscura used in the sexual selection experiment were extracted from wild males and were not allowed to recombine until the foundation of the stock populations. The experimental flies we used in the establishment of the mating populations were derived from the homokaryotypic stock populations and their chromosomes do not differ in the average amount of recombination. On this ground, we feel the rare male mating advantage we have found for the homokaryotypes of D. subobscura could be likely explained on a behavioural basis. In this sense, we could think of models proposed by O'Donald (1980) and could assume that a constant proportion of females mate preferentially with one type of male and, given that no deviations from random mating were detected, the mating takes place without assortment. We could use the term "random preferential mating" to describe the process that was taking place in the mating populations (O'Donald, 1980 p. 21) . A stable equilibrium is attained in experimental population cages containing the °ST and 03±4÷7 chromosomal arrangements of D. subobscura, as shown by Zapata et a!. (1986) . The equilibrium point is dependent upon the environmental conditions employed and ranges from 40 to 90 per cent for °ST' If the frequency-dependent male mating success we have detected were the only fitness component maintaining the chromosomal polymorphism in the experimental populations, we would predict from fig. 2 a stable equilibrium point somewhere around 50-60 per cent of °5T
Although we have only assayed the mating structure of D. subobscura for three karyotypic frequencies, it seems that sexual selection would not by itself explain the behaviour of the experimental populations, especially in those cages with the highest °ST frequency. Other components of fitness such as viability and fecundity must be acting on this chromosomal polymorphism, at least in some environmental conditions. For the egg-toadult viability component, some unpublished results from our laboratory give the following relation of fitnesses among karyotypes: OsT/OsT>°S T/ 03±4±7> 03±4+7/ 03±4+7. With this selection scheme the 03÷4+7 gene arrangement would eventually be lost in the experimental populations, a result which has not been observed. The advantage of the 03÷4÷7/ 03÷4+7 males for mating success when they are at low frequency would contribute to overcome the inferiority of this karyotype in the egg-to-adult viability component. In this sense, the differential male mating success reported in the present study can be thought as a major component of fitness for D. subobscura karyotypes which decisively contributes to an overall balancing selection in the experimental populations.
